ABSTRACT
INTRODUCTION
Group II introns are of interest both because of their RNAcatalyzed splicing mechanism, which resembles that of nuclear pre-mRNA introns, and because they behave as mobile elements (1, 2) . Group II introns have been found in fungal and plant mitochondria and in chloroplasts (1) , and recently, in the proteobacterium Azotobacter vinelandii and the cyanobacterium Calothrix, which are related to the probable ancestors of mitochondria and chloroplasts, respectively (3) . All group II introns have a conserved secondary structure, which consists of six double helical domains radiating from a central wheel, with the two different structural classes, HA and UB, distinguished by specific features (1) . The conserved RNA structure catalyzes splicing via formation of a lariat intermediate similar to that formed during the splicing of nuclear pre-mRNA introns (4) (5) (6) . Although some group II introns self-splice in vitro, they require proteins for efficient splicing in vivo, presumably to help fold the intron RNA into the catalytically-active structure. Some of these proteins are encoded by chromosomal genes, whereas others, 'maturases', are encoded by the introns themselves (7) .
The mobility of group II introns has been inferred from their location and distribution in different genes (8) and from the existence of 'twintrons' in which one group II intron has integrated into either another group II intron or into a degenerate type of group II intron, referred to as a group HI intron (9, 10) . The first direct evidence for group II intron mobility came from studies showing that two Saccharomyces cerevisiae (yeast) group II introns {coxl intron 1 and coxl intron 2) insert efficiently during crosses into coxl alleles lacking these introns (11, 12) . Similar findings have also been reported for Kluyveromyces lactis coxl intron 1, a cognate of yeast coxl intron 2 (13) . All three of these mobile group II introns contain a long open reading frame (ORF), which encodes a reverse transcriptase (RT)-like protein. The proteins encoded by the yeast coxl introns 1 and 2 have been shown to be bifunctional: they have an RT activity that may play a role in intron mobility (14) , and they also function as maturases in splicing the intron in which they are encoded (15) (16) (17) .
In addition to yeast coxl introns 1 and 2, a number of other group II introns contain ORFs that may encode proteins that function in RNA splicing or intron mobility (8) . Some of these ORFs are located in the loop of intron domain IV, whereas others are in-frame with the upstream exon with the bulk of the ORF in the loop of domain IV (1) . The yeast coxl intron 2 protein, (18, 20) ; parentheses indicate weak, but recognizable matches for the RT sequence blocks (see Fig. 2 ). Demarcated regions of the HIV-1 protein indicate structural domains (P, palm; F, fingers; T, thumb; C, connection) identified in the X-ray crystallographic structure of the protein (32) . Vertical arrows indicate positions of yeast coxl intron 2 mutations, which are associated with the maturase defect in mutant C1082 (Ser648 and Asp675; refs. 14,17). Citations for sequence data are given in Table 1. shown schematically in Fig. 1 , as well as most other group II intron ORFs, have a readily identifiable RT domain. This domain generally includes matches for the seven conserved sequence blocks characteristic of RTs (denoted I to VII; refs. [18] [19] [20] , although several of the ORFs lack some of the conserved regions or key amino acids characteristic of functional RTs (see below). Phylogenetic comparisons indicate that the RT domains of group II intron-encoded proteins belong to a class characteristic of the LINE 1-like or non-long-terminal repeat (non-LTR) family of retroelements. Within this class, the group II intron-encoded proteins comprise a separate subgroup, which is most closely related to the RTs of the Neurospora Mauriceville mitochondrial plasmid and bacterial retrons (19) (20) (21) .
In addition to the RT-like domain, the group II intron ORFs also contain a conserved, upstream domain, Z, which is characteristic of non-LTR retroelements (19, 21) . Some have a C-terminal Zn 2+ -finger-like region with similarity to the Nterminal region of retroviral integrase domains (e.g., yeast coxl intron 2; refs. 19,21), whereas others lack this region {e.g., Marchantia polymorpha coxl intron 2; Fig. 1 ). Finally, some group II intron ORFs also have a weak match to a retroviral protease domain (19, 21) . A possible function for such a protease is suggested by studies with the yeast coxl intron 1 and coxl intron 2 proteins, which appear to be synthesized via proteolytic processing of an initial exon-intron fusion protein (15, 16, 22) .
In compiling a summary of group II intron-encoded ORFs for recent reviews (2, 8) , we noticed that some, exemplified by the tobacco chloroplast tRNA 1 -? 5 (trnK) intron ORF ( Fig. 1) , lack intact RT and Zn 2+ -finger-like domains, but retain another conserved domain, denoted X, which is located between the RT and Zn 2+ -finger-like regions when they are present. Here, we have updated the comparison of group II intron-encoded ORFs and describe the characteristics of domain X.
RESULTS AND DISCUSSION

Sequence comparisons of group II intron-encoded and related ORFs
Computer searches of available protein databases (GenBank, PIR, Swiss Prot), using the BLASTP program with standard parameters (NCBI, BLAST network service) (23), identified 34 intron-encoded ORFs and four other ORFs, which encode related proteins, but are not found in introns (Table 1) . Thirty seven of these ORFs were found in either chloroplast DNAs (cpDNAs) or mitochondrial DNAs (mtDNAs), and the remaining ORF is in the group II intron recently reported in the cyanobacterium Calothrix spp. These include all known group H intron ORFs currently in the databases. The 17 cpDNA ORFs include nine closely related ORFs in group II introns of the trnK genes of different organisms, four in group II introns of protein-encoding genes (Euglena gracilis psbC intron 2 and psbD intron 8, Scenedesmus obliquus petD intron 1 and Bryopsis maxima rbcL intron 1), and one in a group HI twintron of a protein-encoding gene of E.gracilis (psbC intron 4; ref. 24, 25) . The remaining three ORFs are found in cpDNAs, but are not associated with introns. These are: Epifagus virginiana matK, which is closely related to the trnK intron ORFs; Astasia longa ORF456, which is very similar to the E.gracilis psbC intron 4 ORF; and E.gracilis ORF516, which has a region of about 50 amino acids similar to domain X of the B. maxima rbcL intron 1 ORF. Interestingly, the E.gracilis ORF516 is itself interrupted by three group II introns and one group m intron (24) .
The twenty ORFs found in mtDNAs include 19 in group II introns and one freestanding ORF (Marchantia polymorpha ORF732). Three other RTs or RT-like ORFs, which have been found in mitochondria, do not fall into the group II intron subgroup defined by phylogenetic analysis (20) . These are the P.c, Pinus contorta; P.t., Pinus thunbergii; S.a., Sinapis alba; S.c, Saccharomyces cerevisiae; S.o., Scenedesmus obliquus; S.p., Schizosaccharomyces pombe; S.r., Secale cereale; S.t., Solarium tuberosum; T.a., Triticum aestivum; V.f., Vicia faba. c Gene designations follow those in use for each organism, e.g., ND and nod both refer to NADH dehydrogenase subunit genes. d Size in amino acids estimated from the ORF sequence. In case of fusion to the 5' exon, the N-terminus is assumed to correspond to the first amino acid encoded within the intron. c Domains: RT, reverse transcriptase; (RT), RT domain lacking conserved YXDD sequence; X, domain X; (X), domain X having less than 40% match to the overall consensus sequence (Fig. 4) ; Zn, Zn 2+ -finger-like region. f Frame: F, freestanding in intron; U, fused to upstream exon. 8 Source of sequence data used here. h Gene has not been identified. Intron number is from database file (X71404). ' The lengths of these ORFs was corrected in a subsequent study (J. Palmer, personal communication). Published sizes are 524 (S.a.) and 542 (O.s.) amino acids. > C-terminal segment of intron ORF only. k Published size is 370 amino acids; a single frameshift adds 127 amino acids similar to other tmK ORFs. 1 Published size is 274 amino acids; three frameshifts in conserved regions of the RT domain add 204 amino acids having similarity to RTs. m Published size is 241 amino acids; an additional 225 amino acids homologous to other RTs are in frame upstream of the first Met codon of the ORF. 0 A C^-type Zn 2+ -finger-like domain has been identified in this ORF (24) , but it overlaps the C-terminal part of the RT domain and the N-terminal part of domain X and is dissimilar to the other intron ORF Zn 2+ -finger-like domains. 0 Published size is 681 amino acids; a single frameshift in domain X replaces 34 C-terminal amino acids with 124 amino acids similar to other domain X sequences. p Published size is 439 amino acids; a single frameshift adds 66 amino acids similar to tmK ORFs to the N-terminus of the putative protein.
RT encoded by the Neurospora crassa Mauriceville mitochondrial plasmid (26) and the RT-like ORFs in Chlamydomonas reinhardtii and Oenothera berteriana mtDNAs (27, 28) .
As summarized in Table 1 , most of the group II intron-encoded ORFs contain a domain having similarity to RTs, followed by a conserved domain X, defined below, and some also contain a C-terminal Zn 2+ -finger-like region. The cyanobacterial ORF contains all three of these domains and is most closely related to the ORF of the alga B.maxima rbcL intron 1. In most cases, the RT-like domain contains readily identifiable matches for all seven conserved sequence blocks characteristic of functional RTs. However, several of the ORFs (E.gracilis psbC intron 2 and psbD intron 8; M.polymorpha coxl intron 1 and atp9 intron 1; and P.anserina ND5 intron 4) lack the conserved YXDD sequence, which has been shown to be required for the activity of the retrovirus HIV-1 RT (29) . In addition, the ORFs in group II introns of the nadl genes of plant mtDNAs contain the YXDD sequence, but are missing conserved sequence block I.
Two other cpDNA ORFs, E.gracilis psbC intron 4 and A. longa ORF456, had been reported to be related to each other, but unrelated to other group II intron ORFs (25, 30) . As shown in Fig. 2 , however, both these ORFs have detectable similarity to the RT domains of group II intron ORFs, although they lack the highly conserved YXDD sequence and other amino acids characteristic of functional RTs (e.g., box I 'K' and box IV 'PQG')-It seems likely that these ORFs originally encoded RTlike proteins, which have diverged from the conserved RT sequence and lost RT activity. The domain X sequences in these proteins have also diverged substantially (see below).
All the chloroplast trnK intron ORFs and the matK ORF of E. virginiana cpDNA are closely related to each other throughout their lengths, but have little similarity to other group II intron proteins, except for one conserved domain, X (see below). A clue to the evolutionary origin of the trnK proteins came from sequence alignments, which showed that the region of these proteins immediately upstream of domain X has some similarity to conserved sequence blocks V, VI and VII of the RT-domains of other group II intron ORFs (Fig. 3) . However, this similarity does not extend upstream of conserved sequence block V, and the region of the trnK ORFs corresponding to sequence block V lacks the conserved YXDD sequence. Together, these findings suggest that the trnK and matK ORF proteins also evolved from an RT-like group II intron-encoded protein. The trnK ORFs have retained domain X, but their RT domains have mostly diverged. The finding that the C-terminal region of the RT-domain is still recognizable may reflect its proximity to and participation in some function carried out by domain X.
Characteristics of domain X Domain X is defined by the sequence alignments shown in Fig. 4 . The domain spans about 100 amino acids beginning downstream of the last conserved sequence block of the RT domain. This location corresponds to the 'tether' region between the polymerase and RNase H domains of retroviral pol genes (31) and to the 'thumb' and 'connection' domains identified in the X-ray crystallographic structure of the HIV-1 RT (32) (Fig. 1) . Other workers had noted previously that the similarity between fungal group II intron ORFs extended beyond sequence block VTI of the RT domain (33, 34) and that the mustard trnK ORF has a region similar to the fungal group II intron-encoded ORFs (35) . To maximize the similarity of domain X sequences, it was necessary to insert a gap of variable length separating the N- Table 1. terminal part from the remainder, as well as a few short gaps (1 to 4 amino acids) elsewhere. The most strongly conserved region of domain X includes the consensus sequence SX 3 _ 6 TLAXKXK. Most of the domain X sequences have a large excess of basic over acidic amino acids (Arg+Lys: 13 to 22; Asp+Glu: 3 to 13), consistent with a role in nucleic acid binding. Exceptions, however, are the tmK intron ORFs oiPinus contorta and Pinus thunbergii, which have roughly equal numbers of positively and negatively charged amino acids (Arg+Lys/Asp+Glu: 13/13 and 15/13, respectively). Secondary structure predictions for the domain Xs of seven different ORFs using the PredictProtein service (EMBL Heidelberg; (36)) consistently identified one potential a-helical region (a-A) and one potential /3-sheet region (/3-A), both having somewhat variable boundaries in different ORFs (Fig. 4) . The program predicted two other potential /3-sheet regions (/3-B and /3-C) in five or more proteins, but gave no consistent structural predictions for other regions.
A 100 amino acid region of the chloroplast tmK intron ORFs, which we now define to be part of domain X, was reported to have amino acid sequence similarity to a putative 17 kDa nucleic acid binding protein of barley stripe mosaic hordei virus (37) . It was noted further that the region of similarity corresponds to the 'tether' domain of retroviral RTs. Otherwise, searches of all available protein databases using the BLASTP program (23) Table 1 .
RTs encoded by the N.crassa Mauriceville mitochondrial plasmid and the E.coli msDNA retron, representing the two closest relatives of the group II intron RTs (20) , had only 28 and 30% matches to the overall consensus sequence for the domain X regions of the group II intron ORFs (Fig. 4) . Thus, strong conservation of domain X sequences appears to be restricted to the group II intron and related proteins, possibly reflecting a specific interaction with group H intron RNAs. Phylogenetic analysis using the PAUP program (40) indicates that the domain X sequences of the trnK introns and the matK ORF form a separate class, which has diverged from those of the mtDNA ORFs. Among the other ORFs, those that deviate most in the domain X region are the cyanobacterial ORF and a number of the algal chloroplast ORFs (35-41 % match to the overall consensus sequence, compared to 54-72% for the cpDNA trnK ORFs and 76-93% for the fungal mtDNA intron ORFs; Fig. 4 ). The deviations are particularly evident in the SX 3 _ 6 TLAXKXK region, which is strongly conserved in the other ORFs. The E.gracilis psbC intron 4 ORF and A.longa ORF456, whose RT domains deviate from the RT consensus sequences, have also diverged in domain X (35-37% match to the overall consensus sequence). Interestingly, the domain X sequences of the E.gracilis psbC intron 2 ORF and some of the Marchantia mtDNA intron ORFs appear to be more closely related to fungal mtDNA sequences than to other domain X sequences in Euglena cpDNA or Marchantia mtDNA, respectively. The domain X sequence of the cyanobacterial ORF is most closely related to that of B. maxima rbcL intron 1 (31% identity and 44% similarity over the entire domain X sequence).
Possible functions of domain X
Although domain X has little detectable amino acid sequence similarity to retroviral RTs, its location corresponds to the HTV-1 RT 'thumb' and 'connection' domains, which have been suggested to function in binding of the template RNA and tRNA primer (32) . By analogy, we speculate that domain X may function in the specific binding of the intron RNA for reverse transcription and RNA splicing and possibly in binding any nucleic acid primer used by the RT.
We found previously that the RT encoded by the yeast group II intron coxl intron 2 initiates cDNA synthesis near the 3' end of the intron and immediately downstream in exon 3, and we suggested that binding of the intron-encoded protein at those locations could also be related to its function in RNA splicing (14) . If domain X is involved in binding the intron RNA, mutations in this domain should affect the ability of the RT to initiate cDNA synthesis specifically at the 3' end of the intron, as well as splicing activity. Support for the latter prediction comes from analysis of yeast mutant C1082, which has six missense mutations in the coxl intron 2 ORF (14, 17) . This mutant is deficient in both RT and splicing activity, and splicing activity has been shown to be increased in recombinant strains, which correct only the two mutations in domain X, one at Ser648, which is conserved in 30/38 sequences, and the other at Asp675, which is not strongly conserved (see Fig. 4; 14,17 ). These findings suggest that Ser648 may be a critical amino acid required for RNA binding.
Evolutionary relationships of group II intron-encoded proteins
As noted previously, ORFs are found in only a minority of group II introns, all of which belong to subgroup HA, and the ORFs are always inserted in domain IV, a substructure that does not play a major role in splicing (1, 41, 42) . These findings suggest that ORFs were inserted into domain IV of pre-existing group n introns and that continuity with the upstream exon and maturase activity were secondary adaptations in some cases (8, 43) . It seems likely that the group II intron-encoded proteins were initially RTs that functioned to mobilize the introns and that some of these Table 1 . The domain X sequences used in the alignments incorporate 'revisions' indicated in the legend of Table 1. proteins adapted to function in RNA splicing by virtue of their ability to bind specifically to the intron RNA (8, 14, 43) . With time, the introns may have lost the ability to self-splice and became dependent on the intron-encoded maturase to help them fold into the catalytically-active structure. Given the relationship among all group II intron-encoded ORFs found here, it is possible that die insertion of the ORF occurred only once, after the divergence of group HA and HB introns, giving rise to a mobile element, which dispersed to other locations. The presence of group II introns having related ORFs in both mitochondria and chloroplasts could reflect either horizontal transfer of a mobile intron or ORF between organelles or diat the ORF insertion occurred in an ancient bacterium, prior to the evolution of these organelles. The presence of group II introns encoding similar ORFs in bacterial species, which are related to the probable ancestors of mitochondria and chloroplasts (3) , is consistent with the second possibility. Our findings strongly suggest that an ancestral group II intron ORF contained RT, X, and Zn 2+ -finger-like domains and that the RT and Zn 2+ -finger-like domains diverged or were lost in some cases. The conservation of domain X and the C-terminal part of the RT domain in the trnK intron ORFs is readily accounted for by the hypothesis that they have an essential function in RNA splicing, which is independent of RT activity. There appears to be no fundamental requirement that group n intron-encoded proteins retain RT activity and indeed there may be selection against this activity, if it is deleterious to the host. Previous work showed that the yeast coxl intron 1 protein is an active RT in some strains, but inactive in others, presumably due to missense mutations in the coxl intron 1 ORF in those strains (14) . Significantly, the yeast coxl intron 1 protein, which has lost RT activity, remains functional as a maturase, as expected if splicing activity requires only that the protein retain its ability to bind specifically to the intron RNA (14) . The chloroplast genome of the nonphotosynthetic parasitic plant E.virginiana has lost non-essential genes related to photosynthesis, but retains a freestanding matK ORF, which is closely related to the trnK intron ORFs (44) . It was suggested that retention of the matK ORF reflects an essential function in the splicing of several group II introns that are retained in the E.virginiana chloroplast genome (44) , and our finding that the matK ORF contains a conserved domain X is consistent with this suggestion.
